A cylindrical segment, free of complex atherosclerotic lesions, was resected at autopsy from each of 59 descending human thoracic aortas by cutting just below the level of the first pair of intercostal arteries and 35 mm distal to this incision. Each isolated tunica media was defatted and subjected to successive treatment with EDTA-Tris, 5 M guanidine hydrochloride-Tris, 5 M guanidine hydrochloride-Tris-DTE, collagenase and either trypsin or hot alkali. After each extraction or digestion, the dimensions and weight of the segments were measured and the extracted materials were analyzed and quantltated. This allowed the total content of the various components of the tunica media to be assessed by both gravimetric and analytical means. An agerelated rise was observed in the total content of the following components: proteins and glycoproteins soluble in chaotropic solvents (ranging from 24 mg/cm in the youngest samples to 46 mg/cm in the oldest) and collagen (38 mg/cm to 69 mg/cm).
W ith advancing age, the human aorta dilates and becomes stiffer at physiological pressures. 1 " 5 To date, investigations aimed at the identification of compositional or structural changes of the wall components responsible for these alterations have produced rather conflicting results. 6 " 9 This probably reflects differences in sampling or in the methodologies adopted for the isolation and quantitation of ma-trix components, complicated by the use of relative, rather than absolute, concentrations in the expression of the results. 10 In addition, it is not yet known whether the mechanical properties of the aortic collagen fibers change with aging, while data relating to the dynamics of the elastin component, which is responsible for the long-range reversible extensibility of the vessel, are largely unreliable due to the degradative purification procedures adopted so far and to the lack of information concerning sample purity. 11 " 13 Despite these uncertainties, several hypotheses have been proposed which explain, mainly on the grounds of morphological evidence, the age-related hardening of arteries in terms of a rise in collagen content and a concomitant degradation of the elastin network. 4 5 1415 The aims of the present investigation were: 1) to quantitate age-related variations in the major matrix components of the tunica media from human thoracic aorta and 2) to evaluate the degree of integrity of the elastin network by chemical and mechanical analyses.
Methods

Materials
Collagenase (EC 3.4.24.3, from Clostridium histolyticum, Type I), DPCC-trypsin (EC 3.4.21.4, from bovine pancreas, diphenyl carbamyl chloride treated, Type XI), dithioerythritol (DTE; 2,3-dihydroxy-1,4-dithiolbutane), amino acid standard solutions, dglucosamine hydrochloride, d-galactosamine hydrochloride and d-glucuronolactone were purchased from Sigma (St. Louis, Missouri). Guanidine hydrochloride (analytical grade) was obtained from Carlo Erba, Milan. All the other reagents were analytical grade and were obtained from Merck (Darmstadt, West Germany) and used in these studies without further purification.
Sampling
Thoracic aortas (58 samples) were isolated from humans of both sexes, who were from 20 to 78 years of age and were divided into six age groups, each spanning one decade. Each group comprised 10 aortas with the exception of the 30-to 39-year-old group which comprised only eight. An equal number of samples from males and females were included in each group. In addition, one aorta was taken from a 19-year-old subject.
To avoid uncertainties arising from nonreproducibility of sampling, a cylindrical segment approximately 3.5 cm long was isolated from each aorta, the upper plane of the section lying immediately below the opening of the first pair of intercostal arteries. None of these segments exhibited complex atherosclerotic lesions. One segment from each age group was chosen at random, labelled, and its age recorded. These will be referred to as the R-samples. The remaining segments were labelled with the average age of the group to which they belonged (23.6,33.9, 45.1, 54.7, 63.2, and 73.3 years).
All segments were freed from adhering tissue and washed for a few hours in physiological saline at 4°C. The intima and adventitia were removed 16 ' 17 and the segments were subjected to successive 24-hour extractions in acetone, chloroform:methanol (2:1, vol/ vol), chlorofornrmethanol (3"-1, vol/vol), ethanol, and ether. The segments were then dried under vacuum for 48 hours, weighed, suspended from a glass frame, and rehydrated overnight at 4°C. Excess water was removed by blotting with filter paper, and the weight, external circumferences (proximal and distal), and length of each segment were recorded.
Sequential Extraction of Aortic Segments
The segments were resuspended from the glass frame and extracted, with continuous stirring, for three 24-hour periods at 4°C in 600 ml of 0.2 M EDTA-0.4 M Tris (pH 7.4). Further extraction was carried out for six 24-hour periods in 600 ml of 5 M guanidine hydrochloride-0.4% (wt/wt) EDTA-0.1 M Tris (pH 7.4) and finally for two 24-hour periods under N 2 at 37°C in 300 ml of 0.05 M dithioerythritol (DTE)-5 M guanidine hydrochloride-0.4% (wt/wt) EDTA-0.1 M Tris (pH 7.6). 18 ' 1B Proteins contained in the guanidine-DTE extract were carboxymethylated. 20 All extracts were collected, dialyzed exhaustively against distilled water at 4°C, lyophilized, and weighed. At the end of each group of extractions, the segments were washed with 2 M NaCI followed by water and dried under vacuum before weighing.
Before chemical analysis, two small rings of equal weight were removed from the proximal and distal end of all segments except the R-samples and pooled according to age group.
Enzymlc and Chemical Purification of R-Rlngs
Three 5 mm-long rings were dissected from each R-sample and identified as proximal, intermediate, and distal R-rings according to their position in the intact R-sample. After assessment of weight and overall dimensions, the R-rings were digested with collagenase (EC 3.4.24.3) purified by affinity chromatography. 21 Digestion was carried out at 37°C for three 24-hour periods in 10 mM CaCI 2 -0.1 M Tris (pH 7.5) using an enzyme to substrate ratio of 1 to 1000. After each 24-hour period, the rings were washed with 5 M guanidine hydrochloride-0.1 M Tris (pH 7.5), followed by 2 M NaCI and distilled water. When collagenase digestion was completed, the rings were dried and weighed. The proximal and distal rings from each R-sample were used for mechanical tests and, when these were completed, the resulting broken specimens were bisected longitudinally. One-half was extracted in 0.1 M NaOH for 45 minutes at lOCC, 22 before chemical analysis, while the other one-half was analyzed without further extraction. The intermediate rings were further digested with DPCC-treated trypsin (EC 3.4.21.4) at an enzyme to substrate ratio of 1 to 10. Rings were suspended in 1% (wt/vol) NH 4 HCO 3 (pH 8.0), digested for 24 hours at 37°C, washed in 5 M guanidine hydrochloride (pH 7.4) followed by 2 M NaCI and water, dried, and weighed. 23 The trypsin-treated intermediate rings were subjected to mechanical testing and compositional analysis.
Chemical Analysis
Hydrolysis for amino acid analysis was carried out (1 mg/ml) in constant-boiling HCI containing 0.1 M thioglycolic acid. Separation of amino acids was carried out on a Jeol JLC-6AH and a Locarte amino acid analyser. Norleudne was added to the loading buffer as an internal standard. Desmosine, isodesmosine, and lysinonorleucine were estimated as described previously 23 while hydroxyproline was quantitated by a colorimetric procedure. 24 Total uronate was estimated according to the method of Dische, 25 as modified by Bitter and Muir, 26 and hexoses according to Yemm and Willis. 27 In both procedures the color determined after heating with H 2 SO 4 was subtracted from the final color produced. Hexosamines were measured by the method of Cessi and Piliego, 28 after hydrolysis in 4 N HCI for 8 hours at 100°C.
Dynamometry
Stress-strain analysis was carried out on proximal and distal R-rings after collagenase digestion, and on the intermediate R-rings after further digestion with trypsin. Following equilibration in water and elimination of excess solvent by blotting, the samples were weighed and their external circumference and length measured. The mid-wall circumference was assessed according to the method or McDonald. 29 The total volume of each hydrated ring was obtained by adding the volume of the water of hydration to the volume of the dry sample. The latter was calculated from the sample density which, in turn, was derived from amino acid compositional data. 30 The reproducibility of measurements was within 3%. In order to compensate for spaces previously occupied by cells and matrix components, the transverse section was evaluated from the ratio of the volume of the dry sample to its mid-wall circumference determined after equilibration with water.
The instrument used for stress-strain analysis has been described elsewhere. 31 The rings were connected using triangular metal hooks and each sample was subjected to three extension-relaxation cycles, not exceeding elongations of 30% to 40%, after which they were extended to the breaking point. The speed adopted was 0.1 mm/second.
Due to the noniinearity of the stress-strain curves, the incremental modulus (E^ was calculated according to the methods of McDonald 29 and Dobrin, 32 using stress increments (Aa) of 1.5 x 10 s Nm~2, according to the formula:
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where -L, Li is the incremental strain. If LQ represents the length of the relaxed specimen and L, and L? are the values assumed by this parameter at two successive deformations, then
This Is the coefficient utilized for the evaluation of the transverse section of samples deformed to l^, 33 assuming a Poisson ratio of 0.5.
Hysteresis was calculated from the third extension-relaxation and was expressed as the ratio of the area between the extension and relaxation curves to the area under the extension curve.
Statistics
All data are represented as means ± SD, unless otherwise stated. Paired t tests have been used to compare the concentration values, reported in table 6, of the components removed by trypsin digestion or alkali treatment with those of the insoluble polar protein(s) quantitated from chemical analyses. The values in column A in this table have been paired with the corresponding values in columns B and C; values in column B have been paired with those in column C. Unpaired Mests have been used in all other cases. Least-square linear regression was used to calculate the equation correlating two variables. The correlation coefficient r was used as a measure of association, the significance level of which was tested by comparing the computed value of rwith statistical tables that give values of this parameter corresponding to a range of probability levels with n-2 degrees of freedom. 34 
Results
As shown in figure 1, in all age groups the rings of defatted aortic tunica media were found to have an average proximal external circumference (Cp) significantly greater than the average distal external circumference (Cd). The mean of the differences within each group was 4.3 ± 0.3 mm (t = 14.3333; p < 0.001). Moreover, up to the seventh decade, both Cp and Cd were positively correlated with age (r = 0.9917 for Cp and r -0.9963 for Cd with p < 0.001 for both). The mean value of the dry mass per unit of length was found to be positively correlated with age at all stages during the sequential extraction procedure (figure 2) and showed a 48% increase between the third and eighth decade on completion of the extraction schedule. However, as this increase was matched by a similar rise in the value of the average external circumference (figure 1), the weight per unit of external surface area remained constant (figure 3).
Each soluble fraction isolated during the sequential extraction procedure was analyzed after dialysis and its concentration in the defatted and decalcified tissue Is given for each age group in table 1 where compositions are reported only In terms of broad categories because of the heterogeneous nature of the materials extracted. Amlno acid analysis revealed in all fractions high relative concentrations of polar and hydroxylated residues. The following observations were made in relation to amino acids indicative of specific matrix components: 1) desmosines were absent in all hydrolyzates, suggesting that the amount of elastin released was nil or negligible; 2) hydroxyproline was found in A, B, and C in quantities corresponding to 0.04%, 0.9%, and 2.1%, respectively, of that originally present in the tissue; 3) hydroxytysine could be quantitated only in C where it was found in a 1 -to-2 molar ratio relative to hydroxyproline, which suggested that the small amount of collagen released in guanidine-DTE might be related to Type IV. 36 
' x
The amino acid composition of each pooled insoluble residue analyzed after completion of the sequential extraction procedure is reported in table 2. Comparison of these analyses showed each amino acid to exhibit either a positive or a negative variation in concentration, which was found to be significantly correlated with age in all cases except histidine and proline. Amino acid concentrations reported in italics in the same table were used to evaluate the elastin and collagen tissue contents reported in table 3. Elastin contents were calculated from the relevant isodesmosine (ID) + desmosine (D) concentration, using for the total content of these amino acids in elastin the value of 2.3% (wt/wt) that was obtained from the mean amino acid composition of the protein reported in table 4. Collagen contents were estimated from hydroxyproline concentrations, after subtraction of the hydroxyproline contributions pertaining to elastin. The latter were assumed to amount to 37.6% by weight of the ID + D concentrations in the samples, a figure derived from the mean concentration values shown in table 4. A value of 14% (wt/ wt) was taken as the norm for the concentration of hydroxyproline in collagen. 37 It should be noted that in all cases, the sum total of the contributions of the collagen and elastin components calculated in this way falls short of the overall weight of the sample remaining after completion of the sequential extrac-tion procedure. Therefore, it would appear that the two structural proteins are associated with an additional insoluble protein component, the concentration of which, calculated by analytical difference, is reported for each pool in table 3 . The presence of this third insoluble protein component is also borne out by the amino acid composition of the aortic samples after collagenase treatment ( reported for each sample in columns A, B, and C do not differ significantly and are positively correlated with age (p < 0.001).
The stress-strain diagrams produced during the fourth extension by the proximal and distal collagenase-treated R-rings are shown in figures 4 and 5, respectively. All curves are biphasic with a flex point located in the strain range 0.45-0.55, for the proximal rings, and 0.30-0.60, for the distal rings. With increasing age, both the flex and the breaking point occur at progressively lower strain values while the slope of the linear part of the curve becomes steeper. The mean value of the breaking stress of the six collagenase-treated R-rings isolated from the 29-, 39-and 44-year old aortas was 2.02 ± 0.06 x 10 6 Nrrr 2 , while the corresponding value for the six older rings was 1.80 ± 0.31 x 10 5 Nrrr 2 .
Incremental modulus vs stress plots are shown in figures 6 and 7. At a stress of about 1.4 x 10 6 Nm" 2 , in all samples the relationship between the two variables becomes linear and the curves exhibit almost identical slopes. The average incremental modulus calculated at this stress value for the six younger rings was 8.83 ± 1.03 x lO^rrr 2 , while that of the Values are expressed as: % (wt/wt) with reference to dry, defatted, decalcified tissue weight, and as mg/cm with reference to the length of the defatted, rehydrated segments.
'Significance level of the correlation between age and concentration values. tPool. *Single. The footnote symbols below are inserted only in the first two columns but apply In the same order throughout, as follows. t 1 Gravimetric difference of residues before and after treatment with chaotropic solutions.
•j^From desmoslne + isodesmosine concentration.
•pFrom HOPrototal-HOPro,t(Urtin concentration. t 4 Total protein-(collagen + elastin) before collagenase treatment. * 1 Gravimetric difference of residues before and after treatment with chaotropic solutions. * 2 Weight of residue recovered after all treatments. Gravimetric difference of residues before and after collagenase treatment. * Total proteln-elastin after collagenase treatment. NS = not significant. older specimens was 12.2 ± 1.50 ± lO^Nm" 2 . The difference between these two mean values was found to be significant (t = 3.5520; p < 0.01). Moreover, at this stress the value of the incremental modulus of each sample was significantly correlated with age (p < 0.01). 
Discussion
In agreement with several other reports, 1 " 3 we have shown here that both the circumference and the mass of the tunica media of human aorta progressively increase with advancing age. As shown In table 3 , this process appears to be associated with a considerable rearrangement of all macromolecular matrix constituents. In this respect it should be noted that data reported in this table, as well as those in figures 2 and 3, are not corrected to compensate for the longitudinal contraction that human aorta undergoes after excision. As reported by Hesse, 38 this is an age-related phenomenon negligible in old samples but rather conspicuous in the very young. The concentration values expressed as weight per unit of length or per unit of surface area of the vessel are, therefore, increasingly overestimated with decreasing age.
The total content of collagen in the aortic segment investigated appears to rise with age. In the first three decades, the values of this parameter determined gravimetrically on single samples agreed with those calculated using compositional data obtained for pooled specimens. However, in older age groups the two sets of values progressively diverged with NS those analytically derived being apparently overestimated. As the opposite trend is seen in the data referring to the insoluble polar-protein component, these discrepancies could be attributed to the presence of hydroxyproline in the latter material. Such a view is supported by the observation that collagenase-treated preparations, which contain, in addition to elastin, increasing amounts of this component, exhibit an age-related increase in both the hydroxyproline-to-glycine ratio and the concentration of polar amino acids (table 5) . Contamination by collagenase-resistant collagen fragments appears unlikely as virtually all known mature collagens are reduced to small peptides by the action of bacterial collagenase. The only known exception is Type IV collagen which possesses high molecular weight collagenase-resistant terminal regions. 39 However, this collagen is readily soluble in the reducing and denaturing conditions used here. Moreover, it should be pointed out that the distribution of hydroxyproline is not limited to collagen and elastin. This amino acid has been detected in several proteins, 40 " 44 including one which is similar to osteocalcin 40 and is present in the aorta of rats fed an atherogenic diet. 42 While the elastin concentration per unit of dry weight of aorta decreases with age, due to increases in other tissue components, the elastin content per unit of length of vessel remains constant (70.5 ±5.1 mg/cm). In the determination of the latter parameter, the scatter of data was reasonably low; for p < 0.05 the confidence limits were within the range ± 2.3 mg/cm. Therefore, if we take Hesse's findings 38 into account, it would appear that with aging there is an actual increase in the total content of elastin within the tunica media of human thoracic aorta.
It is interesting to note that the concentration of elastin in the youngest sample investigated agreed with that found in a human aorta of corresponding age by Starcher and Galione 45 who used an alternative purification procedure.
This increase in the total content of collagen and, to a much lesser extent, of elastin could be partly interpreted as a compensation for the radial dilation of the vessel, which would otherwise result in a decrease in wall thickness, and as an adjustment to the concomitant rise in tension. 48 The two structural proteins, however, are not responsible for the age-related increase in the thickness of the tunica media 2 (figure 3); this phenomenon appears to be related to the gradual accumulation of the material which can be extracted by chaotropic agents. There has been a tendency in the past to consider this material as representing a relatively homogeneous system of structural glycoproteins, 47 ' ** a view which has been recently criticized. 49 In the present investigation it appears to contain proteoglycans and collagen as well as glycoproteins, a finding which is consistent with reports that proteoglycans, 5051 collagen, and muscle proteins 49 can be isolated from the aorta and other connective tissues by chaotropic agents.
A prominent feature of the aging process in the aorta appears to be the progressive accumulation, in the tunica media, of a polar-protein component which is insoluble in chaotropic solutions and resistant to collagenase, but is readily degraded, as shown in table 6, by trypsin and hot alkali. Its presumptive amino acid composition is given in table 7 together with standard deviation values. Since this is an average composition calculated using the compositional data of the five oldest R-rings reported in tables 4 and 5, the low standard deviation obtained for all amino acids indicates that it is almost invariant with aging. Moreover, it differs significantly from that of a mixture of proteins, as presented by Reeck and Fisher. 52 These two observations suggest that we are in the presence of either a specific protein or a mixture of a few components exhibiting constant relative concentrations. The major criterion adopted for the assessment of the purity of the elastin samples subjected to mechanical tests has been the evaluation of the concentration of polar and hydroxylated amino acids which, in this context, are valuable indicators of protein contamination. After digestion with trypsin, an enzyme that, like collagenase, does not degrade elastin under the conditions used here, all preparations exhibited a composition similar to that published by Starchier and Galione. 48 As in several laboratories, treatment with hot alkali is still considered the best purification procedure presently available, despite its considerable hydrolytic effect on the protein, 18 the composition of our elastin preparations has also been compared in table 5 with the averaged composition of three human aortic elastin samples isolated in this way from normal young tissue as well as from plaque and nonplaque areas of old aortas. 53 When experimentally obtained values of arginine, threonine, and serine (reported in brackets) for the latter preparation were corrected for hydrolytic losses, 54 ' M concentrations of polar and hydroxylated amino acids in enzymic-and alkali-treated preparations were found to be comparable.
Since the enzymic purification procedure adopted also resulted in a lowering of the hysteresis values of the samples when mechanically tested, it can be concluded that all components not actively contributing to the elastic recoil were effectively removed.
The human aortic elastin isolated here yielded a nonlinear stress-strain curve, while bovine ligamentum nuchae elastin is known to exhibit a linear response to stress. 31 This may reflect differences in the arrangement of elastin in the two tissues. In the ligament, which is formed by fibers arranged parallel to the major axis, all elastic elements can take up the stress uniformly. On the other hand, in the aorta each segment of the elastin network will contribute to the resistance to stretching as a function of Its angular displacement relative to the direction of stress. As with increasing tension there is a progressive orientation of the segments, the summation of their contributions could result in the production of an exponential curve of the type observed in the aorta. Despite this difference, the strain at rupture observed in the youngest aortic specimen was almost Identical in magnitude to that reported for bovine ligament elastin (0.77). 31 With increasing age the strain at rupture progressively decreases (figure 8) suggesting some degree of degradation or rearrangement at the supramolecular level of the elastin network. The invariance in composition of the elastin samples purified with collagenase and trypsin, together with their identical mechanical response to the applied stress up to the yield-point are not compatible with the development during aging of a high degree of polypeptide chain cleavage. Therefore, the morphological changes of the elastic lamellae (namely straightening, thinning, and fragmenting) that occur with aging 12 -M '" should perhaps be interpreted as the progressive dispersion of a quantitatively constant (table 3) and largely undegraded elastin network throughout the wall of an enlarging vessel. The only biochemical evidence for extensive cleavage of elastin chains in the human aorta comes from studies of old, heavily calcified tissue affected by complex atherosclerotic lesions. 58 Therefore, it is reasonable to propose that degrada-tion of elastin in the aortic media is not simply a consequence of aging but occurs as a result of plaque formation in the intima. In this respect it is Interesting to note that even the 76-year-old enzymically purified specimen showed a stress-strain curve that was normal up to the point of partial failure.
A much greater effect on the dynamic properties of elastin is brought about by the accumulation of the insoluble polar-protein component. This can be readily appreciated by comparing the response of aortic rings to applied stress before and after trypsin digestion. Before this treatment, the breaking stress was found to be double that of pure elastin and the incremental modulus showed a rise which was positively correlated with the concentration of the contaminating protein. Moreover, the stress-strain curves were biphasic with the diagrams becoming linear at progressive lower strains, indicating that in the older samples the elastin network is more readily orientated in the direction of the applied stress. Some of these modifications are akin to those brought about by the addition of plastlcisers to rubber, I.e., the tensile strength and hysteresis values are increased and the strain at rupture Is decreased. 33 From data presented here it is not possible to ascertain whether this protein contaminant immobilized within the elastic fiber is truly insoluble or whether It Is covalently bound to the elastin chain network. However, it seems conceivable, and perhaps even likely, that with increasing age a contaminating protein(s) could become linked to elastin via formation of Schiff bases, particularly if new free amino groups were generated in elastin through some degree of peptide bond cleavage.
It is interesting that the modifications in the mechanical properties of elastin brought about by the insoluble polar-protein component would compensate, if they came into play in vivo, for the loss of resistance to stretching caused with aging by the dispersion of a constant amount of elastin in an increasing vessel wall. However, we feel that caution should be used in the extrapolation of these results to the intact vessel dynamics and In the evaluation of the functional properties of the aortic wall from the summation of each component's mechanical contribution on the basis of its relative concentration. In fact, in a study of bovine ligamentum nuchae we have shown that the mechanical response to stress in that tissue is mainly governed by the interaction and relative orientation of the structural components. 59 
